Taurine͞␣-ketoglutarate (␣KG) dioxygenase, or TauD, is a mononuclear non-heme iron hydroxylase that couples the oxidative decarboxylation of ␣KG to the decomposition of taurine, forming sulfite and aminoacetaldehyde. Prior studies revealed that taurine-free TauD catalyzes an O 2-and ␣KG-dependent selfhydroxylation reaction involving Tyr-73, yielding an Fe(III)-catecholate chromophore with a max of 550 nm. Here, a chromophore ( max 720 nm) is described and shown to arise from O2-dependent self-hydroxylation of TauD in the absence of ␣KG, but requiring the product succinate. A similar chromophore rapidly develops with the alternative oxidant H 2O2. Resonance Raman spectra indicate that the Ϸ700-nm chromophore also arises from an Fe(III)-catecholate species, and site-directed mutagenesis studies again demonstrate Tyr-73 involvement. The Ϸ700-nm and 550-nm species are shown to interconvert by the addition or removal of bicarbonate, consistent with the ␣KG-derived CO2 remaining tightly bound to the oxidized metal site as bicarbonate. The relevance of the metal-bound bicarbonate in TauD to reactions of other members of this enzyme family is discussed.
T aurine͞␣-ketoglutarate (␣KG) dioxygenase, or TauD, catalyzes the conversion of taurine (2-aminoethanesulfonic acid) to sulfite and aminoacetaldehyde in the presence of O 2 , ␣KG, and Fe(II) as shown in Scheme 1 (1) . This Escherichia coli protein is a member of a rapidly expanding enzyme superfamily that utilizes mononuclear Fe(II) active sites to catalyze a diverse range of chemical transformations, usually coupled to the oxidative decarboxylation of an ␣-keto acid (2) (3) (4) . Other family members include enzymes that modify protein side chains (5, 6) , repair alkylation-damaged DNA (7), degrade compounds in the environment (8) (9) (10) (11) , and synthesize antibiotics (12) (13) (14) , plant metabolites (15, 16) , or other small molecules (17, 18) . Most representatives carry out specific hydroxylation reactions, but examples of enzymes catalyzing desaturations, ring closures, and ring expansion reactions have also been documented (19) . Regardless of their overall chemistry, these enzymes generally are thought to form a highvalent iron-oxo intermediate; however, such an intermediate has never been directly observed.
Recent studies of TauD and the herbicide-degrading enzyme TfdA, which share Ϸ30% sequence identity, have provided important insights into the reactivity of this group of enzymes (e.g., refs. [20] [21] [22] [23] [24] [25] [26] [27] [28] . In the absence of substrates, Fe(II) is coordinated by three amino acid side chains in a two-His-one-carboxylate motif [His-99, Asp-101, and His-255 in TauD; and His-114, Asp-116, and His-262 in TfdA (23, 26) ] and three water molecules to afford a six-coordinate metal center. ␣KG chelates to the Fe(II) and displaces two water molecules, binding through the 1-carboxylate and 2-keto moieties. The primary substrate binds near, but not directly to, the Fe(II), promoting loss of the final water ligand to yield a five-coordinate metal center (26) , as illustrated in Fig. 1 . The site vacated by water is thought to be the site of oxygen interaction, with subsequent catalytic steps remaining poorly defined.
In the absence of primary substrate, slow O 2 -dependent self-hydroxylation reactions occur for both enzymes in a process requiring ␣KG decomposition. For example, ␣KG-Fe(II)TfdA reacts with oxygen to hydroxylate a tryptophan residue adjacent to a metal ligand (25) . The resulting hydroxytryptophan coordinates the oxidized metal ion to yield a blue chromophore ( max 580 nm, 580 1,000 M Ϫ1 ⅐cm
Ϫ1
). Oxygen exposure of ␣KG-Fe(II)TauD yields instead a greenishbrown chromophore ( max 550 nm, 550 700 M Ϫ1 ⅐cm
) arising from a catecholate ligand derived from the hydroxylation of Tyr-73 (28) . In this latter reaction, evidence for the involvement of a transient tyrosyl radical ( max 408 nm, minimum 408 1,600 M Ϫ1 ⅐cm
) has been obtained. Self-hydroxylation reactions and uncoupled reactions that cause metal oxidation likely account for the autoinactivation behavior of these enzymes (e.g., 20, 27, 28) . Analogous self-hydroxylation reactivity has also been reported for a synthetic analog that mimics features of ␣KG-dependent dioxygenases (29) and for other non-heme iron enzymes that activate oxygen. The latter include selected mutants of the R2 subunit of ribonucleotide reductase in which Phe or Tyr residues are hydroxylated (30, 31) and probably 4-hydroxyphenylpyruvate dioxygenase, whose blue color ( max 595 nm, 595 2,600 M Ϫ1 ⅐cm
) in the oxidized form arises from a Tyr residue (32) despite the absence of such residues at the active site (33) . Thus, the oxygen reactivity of TauD and TfdA in the absence of their primary substrates may serve as a paradigm for understanding the self-hydroxylation chemistry found in the non-heme iron enzymes.
Here we report the generation of a chromophore with an absorption maximum near 720 nm arising from oxygen-dependent self-hydroxylation of TauD in the absence of ␣KG, but requiring the product, succinate. A very similar chromophore rapidly develops on treatment of succinate-Fe(II)TauD with the alternative oxidant hydrogen peroxide. Resonance Raman spectroscopy reveals that the Ϸ700-nm chromophore arises from catecholate-bound Fe(III) with a spectrum that is slightly perturbed from that associated with the 550-nm Fe(III)-catecholate chromophore. Site-directed mutagenesis studies demonstrate that the same tyrosine residue is modified in samples containing either the 550-nm or Ϸ700-nm chromophore. The two catecholate-based spectroscopic species are interconverted by the addition or removal of metalbound bicarbonate. We discuss the relevance of these findings to reactions catalyzed by this enzyme family.
Methods
Purification of TauD. Ten-liter cultures of E. coli BL21(DE3)-(pME4141) cells expressing tauD were grown and harvested as previously described (1) . TauD was purified as reported (21) , except that phenylmethylsulfonylfluoride, leupeptin, and glycerol were excluded from the purification procedure. Purified enzyme was extensively dialyzed against 25 mM Tris buffer (pH 8.0) at 4°C and stored as frozen aliquots at Ϫ20°C. TauD activity was measured by using Ellman's reagent as described (1) . Protein concentrations were determined by using a commercial protein assay (Bio-Rad) with standard curves prepared with preweighed BSA purchased from the same source. The TauD used in these studies exhibited k cat values ranging from 2.6 to 4.2 s Ϫ1 based on a 1 g͞ml, 5-min assay. TauD variants were purified as described (28) .
UV͞Visible Spectroscopy of O2-and H2O2-Treated Fe(II)TauD Samples. Reagent stock solutions of ␣KG, taurine, and succinate (30 mM) for UV͞visible spectroscopic studies were prepared in 25 mM Tris buffer (pH 8.0) inside serum vials sealed with butyl rubber stoppers. The solutions were made anaerobic by several rounds of vacuum degassing and flushing with argon by using a vacuum manifold. Ferrous ammonium sulfate stock solutions (30 mM) were prepared inside a sealed serum vial by adding anaerobic water and flushing with several rounds of argon. UV͞visible spectroscopic studies used a 1-cm path length, 2-ml quartz cuvette fitted with a stopper and purged of oxygen by flushing with argon. Anaerobic TauD was transferred into the cuvette by using a gas-tight syringe (Hamilton) that had been flushed with anaerobic buffer, and other reagents were added. The samples were oxidized by filling the headspace with oxygen, mixing with an equal volume of O 2 -saturated buffer, or titrating with H 2 O 2 , and spectra were recorded as indicated.
Raman Spectroscopy. Resonance Raman spectra were collected on an Acton (Acton, MA) AM-506 spectrometer (1,200-groove grating) by using a Kaiser Optical Systems (Ann Arbor, MI) holographic supernotch filter and a Princeton Instruments (Trenton, NJ) liquid N 2 -cooled (LN-1100PB) charge-coupled device detector with 4 cm Ϫ1 spectral resolution. The 632.8-nm laser excitation line at 50 mW power was obtained with a Spectra-Physics 2030-15 argon ion laser and a 37B CW dye (Rhodamine 6G). The Raman spectra were obtained at room temperature by 90°s cattering in a spinning cell, and the Raman frequencies were referenced to indene. For each sample, the entire spectral range was obtained by collecting spectra at two different frequency windows, and the resulting spectra were spliced together. Baseline corrections (polynomial fits) and curve fits (Gaussian functions) were carried out by using GRAMS͞32 SPECTRAL NOTEBOOK version 4.04 (Thermo Galactic, Salem, NH).
Results
Chromophore Generated by Reaction of Succinate-Fe(II)TauD with O2. Incubation of ␣KG-Fe(II)TauD with O 2 in the absence of taurine was previously found to give rise to a greenishbrown chromophore ( max 550 nm, 550 ). This new species can be accessed directly by a 2-h incubation of taurine-␣KG-Fe(II)TauD with oxygen ( Fig. 2, dotted trace) . Because TauD rapidly catalyzes the oxidative decarboxylation of ␣KG to form succinate under these turnover conditions, the influence of succinate on chromophore formation was examined. Oxygen exposure of succinate-Fe(II)TauD (Fig. 2, dashed line) or taurine-succinateFe(II)TauD (data not shown) generated the same 720-nm feature at greater intensity ( 720 380 M Ϫ1 ⅐cm
Ϫ1
), whereas no absorption beyond 450 nm was observed for O 2 -treated Fe(II)TauD (solid line) or taurine-Fe(II)TauD (dot-dot-dash trace). The reaction was specific for succinate as shown by the lack of chromophore formation by using glutarate as an alternative dicarboxylate. Additional studies were carried out to define the relationship between the 720-nm succinatedependent chromophore and the previously reported 550-nm ␣KG-dependent chromophore.
Reactivity of TauD Samples with H2O2. To facilitate further characterization of the 720-nm TauD species, alternative oxidants were examined to speed up chromophore formation. Spectra generated on addition of H 2 O 2 to anaerobic solutions of succinate-Fe(II)TauD (Fig. 3, dashed line) and taurine-succinateFe(II)TauD (data not shown) closely resembled the 720-nm chromophore formed with oxygen. In contrast, no significant absorption beyond 430 nm was observed for Fe(II)TauD or taurine-Fe(II)TauD after hydrogen peroxide treatment (data not shown). Due to the rapid H 2 O 2 -dependent decomposition of free ␣KG, analogous experiments could not be carried out with this substrate. Titration experiments demonstrated that maximal formation of the Ϸ700-nm chromophore required Ϸ1.5 equivalents of hydrogen peroxide per metal ion. Significantly, the peroxide-dependent spectroscopic transformations were complete by 10 min rather than the much longer time periods required for the oxygen-dependent spectroscopic changes. The rapid changes in spectral properties of TauD samples during hydrogen peroxide-dependent oxidation were exploited to examine the reasons for the differences in the two chromophores.
Bicarbonate-Dependent Spectroscopic Interconversions. Oxidative decomposition of ␣KG yields both succinate and bicarbonate͞ CO 2 ; thus, the effects of bicarbonate on the spectral transformations were examined. Hydrogen peroxide-dependent oxidation of succinate-Fe(II)TauD in the presence of 100 mM bicarbonate was shown to yield a 550-nm chromophore (Fig.  3 , solid line) similar to that associated with O 2 -dependent oxidation of ␣KG-Fe(II)TauD. The presence of bicarbonate during oxygen exposure of succinate-Fe(II)TauD also affected the spectrum, resulting in what seemed to be a mixture of the 720-and 550-nm species (data not shown). When bicarbonate was added to the oxygen-exposed succinate-Fe(II)TauD sample containing the 720-nm chromophore, it promoted a slow conversion to the 550-nm chromophore (Fig. 4) . Furthermore, the 550-nm chromophore obtained by hydrogen peroxide treatment of bicarbonate-succinate-Fe(II)TauD rapidly converted to the Ϸ700-nm chromophore in the presence of taurine (data not shown). These results are consistent with bicarbonate participating in the formation of the 550-nm chromophore, with release of this group on taurine addition to yield the bicarbonate-free Ϸ700-nm chromophore. The effects detailed above were specific to bicarbonate, as formate failed to elicit any of the changes observed.
Resonance Raman Characterization of the Ϸ700-nm Chromophore.
The 550-nm chromophore was previously assigned by resonance Raman spectroscopy as arising from an Fe(III)-catecholate ligand-to-metal charge-transfer transition (28); hence, the same technique was used to further characterize the Ϸ700-nm species. The resonance Raman spectrum of the chromophore formed by H 2 O 2 treatment of succinateFe(II)TauD (Fig. 5) Anaerobically prepared Fe(II)TauD samples were incubated with 100% oxygen in the headspace for at least 2 h and spectroscopically characterized. The samples included O 2-treated Fe(II)TauD (solid trace; 0.6 mM TauD subunit, 0.5 mM ferrous ammonium sulfate, and 25 mM Tris buffer, pH 8.0) and similarly treated enzyme with 3 mM taurine (dot-dot-dash line), 3 mM ␣KG plus 3 mM taurine (dotted line), or 3 mM succinate (dashed line). For comparison, the spectrum is shown (dot-dash line) for a sample of ␣KG-Fe(II)TauD mixed with an equal volume of 100% oxygen-saturated buffer after a 2-h incubation. This spectrum is adjusted in intensity so that the final enzyme and metal concentrations are equivalent to the other samples.
Fig. 3.
Effect of H2O2 addition on the absorption spectra of selected Fe(II)TauD states. Anaerobically prepared succinate-Fe(II)TauD (0.6 mM TauD subunit, 0.5 mM ferrous ammonium sulfate, 3 mM succinate, and 25 mM Tris buffer, pH 8.0) was adjusted to 1.5 mM H 2O2 and allowed to react for 20 min (dashed line). An analogous sample was prepared with the additional presence of 100 mM bicarbonate (solid trace).
Fig. 4.
Interconversion of Fe(III)-catecholate chromophores. SuccinateFe(II)TauD was mixed with 100% O 2-saturated buffer (so the final enzyme concentration is half that shown in Fig. 2 ) and allowed to react for 3 h (dark solid trace). The sample was adjusted to 100 mM bicarbonate and monitored (gray traces) up to 14 h (dashed line). feature to the Fe-O3 stretch (28) . For the H 2 O 2 -treated succinateFe(II)TauD sample, the 623 cm Ϫ1 feature associated with the Fe-O4 vibration either disappeared or greatly decreased in intensity, and other small shifts were observed throughout the spectrum. Furthermore, addition of 100 equivalents of bicarbonate to the sample containing the Ϸ700-nm species led to a splitting of the 644 cm Ϫ1 vibration to form a 619 cm Ϫ1 feature, in very close agreement to that associated with the 550-nm chromophore. Thus, both the resonance Raman and visible spectra seem sensitive to the presence of bicarbonate.
UV-Visible Spectroscopic Analysis of TauD Mutants.
The similarities between the resonance Raman spectra of the Ϸ700-nm and 550-nm species and the ability to interconvert the two chromophores are consistent with a single catecholate species. To directly test whether the same hydroxylated Tyr residue exists in both protein forms, a site-directed mutagenesis approach was used. TauD variants with substitutions at Tyr-73 and Tyr-256 [located 6.5 and 9.3 Å from the metallocenter, respectively (26)] were previously generated and shown to retain catalytic activity (28) . The apoproteins were incubated with Fe(II) plus succinate and reacted with oxygen (Fig. 6 ) or H 2 O 2 (data not shown). The green catechol-associated absorption was formed by using Y256I, Y256F, and wild-type TauD samples (dashed, dotted, and dot-dash traces, respectively) but not with the Y73I or Y73S variants (dot-dot-dash and solid traces). These results suggest that Tyr-73 is converted to a catechol in both the 720-nm and 550-nm chromophores.
Discussion
Oxygen exposure of succinate-Fe(II)TauD generates an Fe(III)-catecholate chromophore at 720 nm involving Tyr-73; similar spectra are obtained by using hydrogen peroxide as an alternative oxidant, but on a much faster time scale. The intensity of this species is somewhat variable, likely reflecting the extent of tyrosine hydroxylation in each experiment. This chromophore is closely related to the 550-nm Fe(III)-catecholate species, also involving Tyr-73, formed during oxygen exposure of ␣KG-Fe(II)TauD (28). Significant reorganization of the active site must occur during formation of these Fe(III)-catecholate chromophores because Tyr-73 is located 6.5 Å from the metal ion in the native enzyme (26) . The 550-nm chromophore converts very slowly to the 720-nm species on standing or much more rapidly on the addition of taurine, whereas the 720-nm species can be transformed into the 550-nm species by treatment with excess bicarbonate. These observations suggest the presence of an equilibrium that affects the Lewis acidity of the Fe(III) center (35) .
The spectral shift between the 720-nm and 550-nm chromophores can be understood in terms of the nature of the sixth ligand bound to the metal ion, assuming that both spectroscopic species arise from Fe(III) centers coordinated by two catecholate oxygens and the aspartyl and two histidinyl side chain ligands (26) . We propose that a water molecule likely occupies the sixth coordination site in the 720-nm chromophore, whereas bicarbonate (and not CO 2 ) fills this site in the 550-nm chromophore (Scheme 2). The replacement of a neutral ligand with the anionic bicarbonate ligand reduces the Lewis acidity of the metal center and elicits the observed blue shift in the catecholate chromophore [as well as the downshift of the Fe-O4 (dihydroxyphenylalanine) vibration in the resonance Raman spectrum]. In agreement with this explanation, catecholate complexes of other 2-His-1-carboxylate enzymes, such as phenylalanine hydroxylase and tyrosine hydroxylase, exhibit absorption maxima near 700 nm (34) (35) (36) , whereas synthetic iron-catecholate complexes experience blue shifts in their ligand-to-metal charge-transfer bands as neutral ligands Resonance Raman spectra (ex 632.8 nm) of (A) the Ϸ700-nm species generated by H 2O2 treatment of succinate-Fe(II)TauD (2.5 mM subunit) and (B) the 550-nm species generated by the addition of 100 equivalents of bicarbonate to A. are replaced by carboxylates (35) . Thus, the fact that the catecholate chromophore observed initially in the reaction of ␣KG-Fe(II)TauD with O 2 has an absorbance maximum at 550 nm and a resonance Raman spectrum similar to that derived from succinate-Fe(II)TauD ϩ H 2 O 2 ϩ bicarbonate suggests that an anion becomes bound at the sixth ligand position subsequent to oxidative decarboxylation of ␣KG and hydroxylation of Tyr-73. We propose that this anion is the bicarbonate derived from ␣KG oxidation, which dissociates slowly from the active site in the absence of taurine (Scheme 2).
In contrast to the evidence presented that the ␣KG-derived bicarbonate anion can bind tightly to the TauD metallocenter, a crystallographic study of deacetoxycephalosporin C synthase (DAOCS) has shown nonhydrated CO 2 coordinates the metal center (37) . This result was obtained with a mutant DAOCS (⌬R307A) in which the five carboxyl-terminal residues (ArgThrSerLysAla) were replaced by one Ala residue, thereby allowing greater access to the active site. This variant enzyme exhibits greatly enhanced uncoupling (i.e., oxidative ␣KG decomposition is less tightly coupled to substrate hydroxylation). The ⌬R307A DAOCS protein was crystallized in the presence of 5 mM succinate and 5 mM bicarbonate, and the 1.96-Å resolution structure revealed that unhydrated CO 2 and succinate both bind in a monodentate fashion to the metal. Significantly, the C-4 carboxylate of the organic acid is not stabilized by an interaction with Arg-258 or Ser-260 as was shown for the C-5 carboxylate of ␣KG in the crystal structure of the wild-type DAOCS-␣KG complex (13). Thus, it is possible that the structure observed for DAOCS in the presence of succinate and bicarbonate may differ significantly from that obtained when ␣KG is decarboxylated at the active site. Alternatively, the redox state of the metal may account for the observed coordination differences between the enzymes, with bicarbonate binding to the oxidized metal site of TauD and CO 2 binding to the reduced iron of DAOCS.
The interaction of bicarbonate with the TauD metal site is somewhat reminiscent of results obtained with another superfamily member, 1-aminocyclopropane-1-carboxylate (ACC) oxidase. Carbon dioxide has long been known to activate ACC oxidase (38) , and this activation was recently examined by a series of spectroscopic studies (39) . In the absence of carbon dioxide, the six-coordinate metal site becomes five coordinate when the substrate ACC binds, thus creating a site for oxygen reactivity. However, this form of ACC oxidase is rapidly inactivated by dioxygen in the absence of the cosubstrate ascorbate, presumably due to side chain hydroxylations analogous to the reactions described here for TauD as well as cleavage of the peptide backbone (40) . Conversely, when ACC is added in the presence of carbon dioxide, the activator is proposed to react with a solvent molecule coordinated to the metal, forming a metal-bound bicarbonate at the sixth coordination site, which blocks dioxygen binding and therefore protects the enzyme from self-hydroxylation or other inactivating reactions. Addition of ascorbate leads to the displacement of bicarbonate and ultimately product formation. Further studies are required to assess whether the protective effect of metal-bound bicarbonate found with ACC oxidase may apply more generally to the ␣KG-dependent dioxygenase family. Nevertheless, the results reported in this paper provide clear evidence for bicarbonate binding to the metal center in TauD during the course of oxygen activation. This work was supported by National Institutes of Health Grants GM063584 (to R.P.H.) and GM33162 (to L.Q.). K.D.K. acknowledges support from National Institutes of Health Chemistry Biology Interface Training Grant GM-08700.
